The conductivities of a number of m ixtures of electrolytes (CdCl2-CdBr2, CdCl2-PbCl2, CdCl2-NaCl, CdCl2-KCl, PbCl2-KCl) were measured over a range o f compositions and tem peratures. The activation energies of ionic migration and, where possible, the equivalent conductivities were calculated, and the results discussed together w ith those obtained in other system s by various investigators.
1. Introduction Biltz & Klemm (1926) gave a comprehensive discussion of the electric con ductivity of molten halides, mainly with reference to the position of the cationic element in the periodic table and the degree of dissociation. Recently, Mulcahy & Heymann (1943) have discussed the conductivity and constitution of molten salts and their mixtures in the light of further experimental evidence and modern theory.
Most of the previous investigators of mixtures, e.g. Sandonnini (1920) , report conductivity isotherms only at one temperature. However, for a proper under standing of mixtures, particularly in order to ascertain whether more or less stable complex ions are present, it is essential to obtain information also about the tem perature coefficients and the activation energies of ionic migration. Investigations over a range of temperatures were carried out in systems involving calcium chloride, magnesium chloride and alkali chlorides by Karpachev & Stromberg (1934 , 1935 , Barzakowski (1940) , Klochko (1940) and Shcherbakov & Markov (1939) . Because of the high temperatures involved, conductivity cells (of a capillary type), made from silica, had to be used. However, it is doubtful whether results of great accuracy can be obtained in these systems because molten alkali chlorides attack silica, and, as a consequence, the cell constant may alter during a series of experiments.
I t was our aim in this investigation to study further systems over a range of tem peratures, particularly those in which complex formation could be expected in the melt. We confined ourselves to mixtures which are liquid in a sufficient range of temperatures below 740° C. Such systems can be investigated in cells made from Supremax glass (Jena). This glass is not seriously attacked even by alkali chlorides. I t softens above 800° C and shows no deformation below 750° C.
The activation energy of ionic migration of molten salts
In order to understand the mechanism of electric conductivity of molten salts, it is useful to discuss the solid salts first. The molten system may then be treated as a very disordered solid, making use of concepts due to Frenkel, Schottky, Jost and others (cf. Mott & Gurney 1940) . These investigators have related diffusion and ionic conductance in solid salts with irreversible and reversible imperfections of the crystal lattice.
The high temperature, i.e. structure-insensitive, conductivity of a solid salt is proportional to the number of lattice defects per c.c. and to their mobility. Both factors vary exponentially with temperature, and an expression
is obtained, where W is the energy necessary to produce the lattice defect and U is the height of the energy barrier involved in its migration. Strictly speaking, equation
(1) applies to the case in which conductivity is due to the migration of one type of defect, i.e. to that of cation or anion alone (Mott & Gurney 1940) .
In the molten state, the lattice is presumably disordered to such an extent th a t the fraction of mobile ions may be assumed to be very great and, within certain limits, virtually independent of temperature, provided no constitutional changes take place with change of temperature. Hence the contribution of each ionic species to the conductivity will be proportional to an exponential term containing only the ?7-term of equation (1). For a purely ionic binary melt, a relation of the form k -A 1e~cdRT+ A 2e~cd (2)
H. Bloom and E. Heymann may be expected, where Cx and C2 may be called the activatio migration of cation and anion respectively, and k is the specific conductivity. If the activation energies of cation and anion are nearly equal, an equation
may be expected to fit the experimental results. Also, within the limited tem perature intervals th a t are available for experiments, equation (3) will often hold approximately if the activation energies of cation and anion are very different because, in th at case, the species with the higher activation energy may contribute very little to the conductivity, or, in other words, conductance will be due pre dominantly to cation or anion alone. The experimental data, particularly a t high temperatures, may not be of sufficient accuracy to provide a reliable test for equation (3). Nevertheless, for ionic melts such as alkali and alkaline earth halides, log/c gives an approximately linear plot against l / Ti n the experimental range, and the same is found for AgCl, T1C1, PbB r2 and CdCl2. On the other hand, equation (3) does not satisfactorily describe the variation of conductivity with temperature for AgBr, LaCl3, PbCl2 and ZnCl2, log k against l/T showing non-linear plots. In the case of zinc chloride and lead chloride, the bonds involved are of a more covalent character than, for instance, with the alkali halides. W ith these salts (ZnCl2, PbCl2), the breakdown of equation (3) may be due to constitutional changes which may occur on variation of temperature. Such processes may change the number of ions as well as their transference numbers and may thus affect A and C in equation (3).
The activation energy may also be represented as , as defined by the equation
where A is the equivalent conductivity. The latter is defined as
where E is the equivalent weight and d the density. If the activation energies of ionic migration of various salts are compared, the use of C' is preferable to th at of C, because C' refers to a state in which we have always one equivalent of the salt between electrodes a t 1 cm. distance. On the other hand, for a comparison of the activation energy of ionic migration with th a t of viscosity (vide below), it is preferable to use C, which is calculated from k (equation (3)) because the viscosity is dimensionally more closely related to k than to A. Theoretical and experimental work, in particular th a t by Dunn (1926) , Andrade (1934 ), Eyring (1936 ), W ard (1937 and Barrer (1943) , has shown th at the viscosity of liquids, including ionic liquids, may be represented by an equation similar to equation (3), namely
where B is the activation energy of viscosity.
In table 1, values of the activation energy of ionic migration ( ) and of the activation energy of viscosity (B), both in kcal./mol.,.are sho B are taken from Barrer's paper; others are calculated from viscosity data by Karpachev & Stromberg (1938) . Most values for C, C' and A are calculated from conductivity and density data quoted by Biltz & Klemm; others are computed from our conductivity values for PbCl2, CdCl2, CdBr2 (cf. § §4, 5) and LiBr.* The ratio of anion to cation radius (rA/rc ) is th at of the crystal radii calculated by Pauling (1940) . The /I-values are those a t a temperature 10 % above the melting-point (abs.). The choice of a temperature related to the melting-point (rather than the boilingpoint) as a corresponding temperature, is indicated when the melt is regarded as a disordered lattice. The melting-point itself has not been chosen because of the possibility of incipient lattice formation immediately above the melting-point (cf. § §7-9).
While the absolute values of C and C' often differ considerably, the difference being greater with the alkali halides than with all other types of salts, the order of the salts in the various groups is the same. The experimental accuracy of C is somewhat less than th at of C because C' contains the experimental errors of the density determination in addition to those of the conductivity determination.
I t is not certain whether the values of viscosity of molten salts are sufficiently accurate to permit a comparison between the B-values within the various series of salts in table 1. However, as far as the order of magnitude is concerned, it can be seen th at in all cases the activation energy of viscosity (B) is much greater than th at of ionic migration (G), the ratio BjC being about 3-6 for uni-univalent electrolytes and about .2 for bi-univalent electrolytes. We suggest th at this great numerical difference between B and C is connected with the difference in mechanism between conductivity and viscous flow in molten salts. Viscous flow involves a breakdown of the configuration of both anions and cations and may be expected to depend to a much greater extent on the larger sized anions than on the smaller sized cations * L iB r. T h e sa lt used w as a 'M erck p u ris s ' p ro d u c t w hich w as fo und to co n tain 99-9 % L iB r. T h e c o n d u c tiv ity w as m easured (betw een 550° a n d 610° C) as described in § 3, a n d n itro g e n w as passed th ro u g h th e a p p a ra tu s in order to av o id o x id a tio n a n d h ydrolysis. T he d a ta m a y be expressed b y th e eq u a tio n k = 4-63 + 0-0056(< -550), w here t is in °C. F ro m th e linear p lo t of log k ag a in st 1/T, we obtain C = 1*75 kcal./m ol. (Frenkel 1937) . On the other hand, in electric conductance through molten alkali chlorides, the contribution of the small cations will be much greater than th at of the larger anions. In the case of the chlorides of many bivalent metals, conductance will be due mainly to the ions which have the lower charge. The assumption th at molten alkali halides are predominantly, though not exclusively, cation conductors receives support on comparing the equivalent conductivities (A) of molten alkali halides (table 1). I t is seen th at a change of cation involves a large change of A, whereas the change of A on changing the anion is much smaller. However, the contribution of the anions to the conductance is not likely to be zero because, even in the solid state, above 400-500° C, alkali halides have transference numbers of the anion which are small but not zero. The silver halides (except .Agl), which are cation conductors in the solid state up to the meltingpoint (Tubandt, Reinhold & Liebold 1931) , will probably show a similar type of conductance in the molten state, a conclusion which receives some support by the fact th at A and C do not vary strongly with change of anion.
The alkaline earth chlorides and the chlorides and bromides of lead and cadmium are anion conductors in the solid state. In the molten state, there is only moderate variation of A, C and C as we go from calcium to barium. In the case of the halides of lead and cadmium, both A and C vary strongly on change of anion. The fact th a t CdCl2, MgCl2 and PbCl2 have somewhat smaller /I-values than the alkaline earth chlorides runs parallel to their partially covalent character. The data are not sufficient to prove th a t these molten electrolytes are predominantly anion con ductors, but they are compatible with this assumption. Table 1 shows th a t 15/(7 is smaller for electrolytes with bivalent cations than for uni-univalent ones. This fact may be due to a greater similarity of mechanism between viscosity and conductivity of electrolytes with a bivalent cation, the anions in this case probably dominating both in conductance and viscous flow.
I t is thus seen that, with many molten salts, viscous flow involves a different con figurational change and higher energy barriers than ionic migration. This may be the reason for the absence of a simple relation between conductivity and viscosity of molten salts. For instance, the temperature coefficients of the two properties are not the same. Moreover, in mixtures of molten salts, the variation of conductivity and viscosity with composition does not show even qualitatively the relation th at an increase of conductivity corresponds to a decrease of viscosity and vice versa (Barzakowski 1940; cf. also Mulcahy& Heymann 1943) .
The predominance of ionic migration of one ionic species in the conductance of molten salts must be due to a great difference between the activation energies of cation and anion. This is probably the reason why the conductivity of most simple ionic melts can, in a limited range of temperature, be represented by equation (3).
I t is seen from table 1 that, for alkali and alkaline earth halides, high activation energies ( Ca nd C') generally correspond to low values of A and vice versa. Among the alkali halides there is a distinct increase of (7 and C' and a decrease of A, from lithium to caesium, together with a decrease of the ratio of anion to cation radius (rA lr c) and a simultaneous increase of the amount of co-ordination. The relative smallness of the activation energy ( (7 and of lithium halides and of NaBr is probably due to lowT energy barriers in a system in which rA/rc is great. In the case of the lithium halides, the small cations must have considerable freedom of move ment in the interstices between the large anions in contact.
With the alkaline earth chlorides, the values for (7 and C' are higher than those of the alkali chlorides, first because of the stronger electric field in an assembly containing bivalent ions, and secondly because these salts are likely to be pre dominantly anion conductors. Anions because of their larger relative size may be expected to possess larger activation energies than cations of the same valency.
An inspection of table 1 suggests also that, for salts of the same valency type, the activation energies of ionic migration are smaller when the salts involved are of a more strongly covalent character than when they are predominantly ionic. For instance, MgCl2 and CdCl2 have smaller activation energies than the alkaline earth chlorides, and the silver halides and CuCl have very much smaller activation energies than the alkali halides. It is suggested that the low activation energies in melts
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of a more covalent bond character ar6 connected with a ' smearing out ' of energy barriers due to ion polarization. Only brief reference is made to A, the temperature-independent, term of equation (3), because its theoretical significance is much less easy to interpret than th at of C;
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F ig u r e 1. P lo t of log k a g a in st l / T for a n u m b e r o f m o lte n s a lts a n d m ix tu re s, (a) 26*0 m ol. % and also because its calculation from the experimental data may involve consider able inaccuracy, a small error in the activation energy producing a large error in There is comparatively little variation of A for similar salts such as alkali halides (except lithium salts). Moreover, the silver halides, as well as CuCl, have values of A not very different from those of the alkali chlorides. The variation of A for the various compounds shows little relation to th at of the temperature-independent * * The dim ension of A (table 1) is th a t of specific conductivity.
term of the viscosity equation (equation (5)), as calculated by W ard and Barrer. These points will be discussed in a later publication on the viscosity of molten salts and their mixtures. Figure 1 shows a number of characteristic curves of log k against for several simple salts and mixtures, based on experimental results of § § 6-8.
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Owing to the very high conductivity of molten salts, it is necessary to use a con ductivity cell with a high cell constant. Only cells involving either a constricted U-tube or a capillary can therefore be expected to give results of sufficient accuracy. A constricted U-tube has certain disadvantages, and a cell of the capillary type, shown in figure 2, similar to those used by Lorenz & Kalmus (1907) and Aten (1910) was therefore used. One Pt-electrode was inside the Supremax glass tube, which
ends in the capillary, and the other Pt-electrode was outside. This arrangement per mits stirring of the melt, thus facilitating the attainment of uniform temperature. Slight variations in the position of the electrodes hardly affect the cell constant, which is mainly determined by the dimensions of the capillary. However, an arrange ment as shown in figure 2 can give reliable results only when the conductivity through the glass wall of the capillary tube is negligible compared with that of the melt.
By measuring the resistance of our cell after the capillary was sealed at the end and comparing this value with th at obtained in the usual arrangement, with the open capillary, we satisfied ourselves that, even a t the highest experimental temperature (720° C), the resistance with the capillary closed was more than 175 times greater than with the open capillary. At 700° C the resistance through the glass wall was even higher. Hence up to 720° C the conductance through Supremax glass can be neglected.
In most experiments, the container carrying the bulk of the melt was made from Moncrieff combustion glass, which remains undeformed up to 740° C.
The resistance was measured by a Wien bridge circuit, using Tinsley inductionfree shielded resistances and a Sullivan inductance-free triple ratio arm. Variable condensers were arranged parallel with the resistances. A valve oscillator was used as a source of current. The point of balance, determined by a telephone, was not affected by the frequency used; in most experiments, the frequency was about 3000 eye./sec. The shielded bridge circuit was brought to earth potential by a Wagner earth. The measurements of resistance could be made to within 0*1 to 0-2 %.
The temperature of the melt, measured by a P t-P tR h (10 %) thermocouple and a Leeds and Northrup potentiometer, could be determined accurately to |° C. The well lagged furnace contained two stainless steel tubes, welded at right angles at their centres. They were wound with nichrome wire, the horizontal and vertical tubes being heated by separate circuits. Before recording any reading, the tem perature was constant for 5 to 10 min., and we satisfied ourselves th at the tem peratures at different levels were constant within 0-5 to 1°C. As the temperature coefficient of conductivity of molten salts is of the order of 0-1 to 0-2 % per degree, the limit of accuracy due to variation of temperature is of th at order.
The cell constant was determined by means of molten lead chloride using the conductivity values by Lorenz & Kalmus (1907) . I t was also determined indepen dently, using a N-KC1 solution, and the value thus obtained was corrected for expansion of the glass.* The two methods give values th at agree within 0*3 %.
The cell constant was checked at frequent intervals and was found not to change appreciably during prolonged use of a capillary. One capillary, for instance, after use with twelve molten salt mixtures had changed its cell constant by less than 0-3 %.
Thu salts used in this investigation were either of A.R. purity, which was checked by analysis, or prepared by suitable methods. Cadmium bromide was made from a ' May and Baker, Pure ' product by fusing while a stream of HBr was passed through. Cadmium chloride was made from pure electrolytic cadmium (Electrolytic Zinc Co., Tasmania), dehydrated and fused while a current of dry HC1 was passed through. Standard methods were employed for analysis. The electro-analytical method was used for cadmium. The phase diagram (Nacken 1907) indicates solid solutions over the whole range. There is no evidence of intermediate phases. Figure 3 shows the variation of the specific conductivity (k) and of its temperature coefficient dKjdT with composition (molar fraction). There is a slight negative deviation from additivity in the conductivity isotherms, and the temperature coefficient shows a gradual change without a turning point. Preliminary density determinations by F. H. Dorman in this laboratory indicate th at the density of the mixtures shows a slight positive deviation from additivity. Thus the equivalent conductivity, according to equation (4), will show a small negative deviation from additivity.
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Top: te m p e ra tu re coefficient dhc/dT a g a in st m o lar fractio n o f C dB r2 bottom: specific c o n d u c tiv ity (x) a g a in st m olar fractio n o f C dB r2 a t 600 a n d 640° C.
The plot of log k against l/T gives straight lines for all mixtures. The activation energies ( C) in kcal./mol. are shown in table 2. From the previous discussion, cadmium halides are expected to be predominantly anion conductors. A small amount of substitution of Cl by Br_ does not affect C much, probably because in this range conductance is due mainly to the smaller chloride ion in preference to the larger bromide ion. However, as the fraction of bromide increases further, C will gradually rise because conductance is taken over to an increasing extent by the bromide ion as the composition of the pure cadmium bromide is approached.
The system lead chloride-cadmium chloride
The phase diagram (figure 4) is of the simple eutectic type; there is no evidence of intermediate phases in the solid state (Sandonnini 1920) .
At all temperatures, the specific conductivity ( ) plotted against molar fraction shows a positive deviation from additivity (figure 4).* The temperature coefficient shows a slight positive deviation. The activation energy of ionic migration (C) of pure cadmium chloride is in dependent of temperature, the plot of log a: against being linear (figure 1). The same is found for the activation energy of viscosity (B), calculated from the viscosity determinations by Karpachev & Stromberg (1938) .
Lead chlorjde behaves differently. The activation energy of ionic migration shows a marked increase as the melting-point is approached (cf. figure 1) ; the same applies to the mixtures of PbCl2 and CdCl2, particularly the eutectic mixture (34-5 % CdCl2), which can be investigated a t a temperature as low as 400° C.
The variation of C with temperature may be due to a constitutional change in molten lead chloride. The activation energy would thus contain the energy necessary to bring about th at change. From the figures of table 3, it would appear th a t the low temperature species of lead chloride persists also in mixtures with cadmium chloride. However, the possibility of a different explanation will emerge from discussions in § 7. The actual nature of the low temperature species of lead chloride is not known. Prasad (1933) suggested th at it is the PbCl2 molecule which is dissociated to an increasing extent on rise of temperature, but there is no conclusive evidence for a marked increase of electrovalent character on raising the temperature. Another possibility is that lead chloride may exist as autocomplexes a t low temperatures which dissociate into simple ions on heating. However, transference experiments by Wirths (1937) using a radioactive indicator (ThB) gave no indication for the presence of some of the lead as part of a complex anion.
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Of all systems so far examined by any investigator, the system PbCl2-CdCl2 is the only one where the conductivity of the mixtures shows a positive deviation from additivity. Moreover, the positive deviation becomes stronger on raising the temperature. No satisfactory explanation for this behaviour can be given a t present.
The system cadmium chloride-sodium chloride
The phase diagram (figure 5) of this system indicates one incongruently melting compound, CdCl2.2NaCl (Brandt 1911) . Figure 5 shows a number of isotherms of specific conductivity ( ) at various temperatures. The value of the conductivity of pure sodium chloride, which is solid at the experimental temperatures, has been extrapolated from data above the melting-point to the experimental temperatures. The isotherms show a distinct negative deviation from additivity, the amount of deviation decreasing with increasing temperature. The magnitude of the negative deviation ( ) has a maximum at approximately the composition of the compound mentioned above. These facts are compatible with the assumption of the presence of a certain amount of [CdCl4]=
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ions in the mixtures, which would contribute little to the conductivity because of their large size and bivalency. The fact th at the negative deviation of conductivity decreases on rise of temperature suggests th at the complex dissociates into simple ions on heating. 
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In the high temperature range, there is little variation of C and dKjdT with com position. It will be seen in the discussions of the next two systems th a t the presence of dissociating complex ions gives rise to high values of C at the composition at which the fraction of such ions is at a maximum. The absence of such an effect in this system suggests that either the complex ions are dissociated to a large extent, or sodium ions have taken over the major part of the conductance from the chloride ions a t the composition corresponding to th at of the complex. I t is true th at the activation energies have high values in the mixtures as the crystallization tem peratures are approached, but significantly not only at the composition of the compound. This effect may have a different cause and will be discussed in connexion with the next two systems.
This system was previously investigated by Sandonnini (1920) , but only a t one temperature (800° C). I t is very interesting as the phase diagram (figure 6) indicates one congruently melting compound, CdCl2.KCl, and one incongruently melting compound, CdCl2.4KC1, in the solid state.
We measured the specific conductivities from 720° C down to the crystallization temperatures (table 5). As the densities in this system were known due to the investigations by Lorenz and co-workers (1907, 1928) , it was possible to calculate equivalent conductivities (A) defined as
where d is the density and Em the mean equivalent weight, the latter being defined as
Ern -E ifi + E2f 2,
where Ex and E2 are the equivalent weights a n d /x and / 2 the equivalen the components I and II (in the present case CdCl2 and KC1).
The equivalent conductivities, plotted against the molar fractions of KC1, are shown in figure 6.f I t can be seen that, on addition of KC1 to CdCl2, the equivalent conductivity decreases, even though th at of potassium chloride is higher than th a t of cadmium chloride. This suggests the removal of Cd++ and in particular of Cl--since CdCl2 is predominantly an anion conductor-from the melt to form an anionic complex. This complex will contribute little to the conductivity because of its large size.
For additions of KC1 up to 40 mol. %, the negative deviation from additivity {A) is approximately proportional to the molar fraction of KC1 (/2), as shown in table 6.
This suggests th at the addition of KC1 to CdCl2 will lead to the formation of a complex ion; the phase diagram would suggest [CdCl3]~. For each two Cl-thus being made unavailable for conductance, one K + ion will become available. As we do not know the relative contributions of K +, Cl-and Cd++ in these mixtures, quantitative f T h e /x-values for p u re KC1 w ere e x tra p o la te d as m e n tio n e d in § 6. I t m a y also b e m e n tio n e d t h a t th e iso th e rm c a lc u lated from S an d o n n in i's m e asu rem en ts o f k a t 800° C (cf. M u leah y & H ey m a n n ) is sim ilar in sh a p e to o u r iso th erm a t 720° C. speculations would be of doubtful value. Moreover, it is possible th at complex structures, more highly polymeric than [CdCl3]~, may exist in the molten mixtures (cf. later). If [CdCl3]~ were the only complex species present in the melt, a minimum in the isotherm (or rather a maximum of the negative deviation) would be expected near a mole fraction of 0-5. However, the minimum occurs a t / 2 > 0*50. This is probably due to the presence of another complex, containing more chlorine, in the melt. The phase diagram, indicating an incongruently melting compound, CdCl2. 4KCl, suggests a complex of composition [CdCl6]4-. Evidence for the existence of a complex of this composition in the molten mixtures is seen in the fact th at the isotherms tend towards a deep minimum a t / 2 = 0-8 at a temperature of 690° and below. At higher temperatures, however, no minimum is found at this composition. Thus the complex [CdCl6]-4 may be assumed to be highly exothermic and apparently dissociates completely some 30 to 40° above the melting point of the compound CdCl2.4KC1.
The relative instability of the complex [CdCl6]4-is also indicated by the fact th at the temperature coefficient of the equivalent conductivity (dA/dT) increases towards the composition of the compound CdCl2.4KC1 (figure 6). The high value of dAfdT is probably due to the fact that [CdCl6]4-of low mobility dissociates on heating with the formation of Cd++ and CF, which have a greater mobility.
These results favour the conclusion that, even if an intermediate phase of a binary salt system has an incongruent melting-point, the complex ion corresponding to th at compound may persist in the molten state in a limited range of temperature.
The activation energies C are shown in table 7 . The activation energy C*in the high temperature range has a m the composition of the compound CdCl2.4KC1, suggesting th at C includes part of the heat of dissociation of the complex, which may be represented as
[CdCl6]4-Cd++ + 6CF.
At temperatures approaching the crystallization points, C increases sharply. In the range between 70 and 80 mol. %, it goes up to 8 to 9 kcal. at temperatures of 10 to 20° C above the crystallization temperature. High values for the activation energy just above the crystallization temperature are an expression of the fact th at the curves of k against temperature show a strong downward slope in that region * T h e a c tiv a tio n energy C' w as also calculated (from eq u a tio n (3a)), alth o u g h over a sm aller ran g e o f te m p e ra tu re in view of th e sc arcity of d en sity d a ta in som e te m p e ra tu re ranges.
T he v a ria tio n of C' w ith com position is v ery sim ilar to th a t o f C. T his applies also to th e sy stem P bC l2-KCl (cf. § 8).
(figure 7, cf. also table 5). This phenomenon is not confined only to the composition corresponding to th at of an incongruently melting compound but occurs at other compositions also, as mentioned in the systems CdCl2-NaCl and PbCl2-CdCl2. The highest values of C just above the crystallization temperature are not far below those H. Bloom and E. Heymann 
F ig u r e 7. P lo t of specific co n d u c tiv ity (k) ag a in st te m p e ra tu re , (a) 20-5 m ol. % P b C l2 + 79-5 m ol. % 'K C1; (b) 20-4 m ol. % CdCl2 + 79-6 m ol. % K C 1; (c) 25-2 m ol. % C d C l2 + 74-8 m ol. % KC1.
T h e v e rtic a l b ro k en lines in d ic ate th e c ry sta lliz a tio n te m p e ra tu re o f th e se m ix tu re s.
frequently found for activation energies of ionic migration in crystalline solids. This may be interpreted as being due to the establishment of an increasing degree of order as the crystallization temperature is approached. Certain X-ray and specific heat effects with ordinary liquids just above their melting-points may be explained in similar terms (cf. J. Frenkel and other contributors in the Faraday Society Discus sion on 'The Liquid S ta te ' (1937) and Randall (1934) ).
In the case of the compound CdCl2. KC1, a certain degree of order in the melt may be explained in more specifically chemical terms. According to the X-ray studies of Brasseur & Pauling (1938) , each cadmium atom in solid salts of the type KCdCl3 is surrounded by six chlorine atoms in the form of a regular octahedron. Each octa hedron shares two opposite edges with similar octahedra to form chains of [CdCl3]~ complexes, which occur in the crystal in the form of infinite polymers. At the meltingpoint, these chains will break up, but the disordered lattice of the melt may still contain short chains, which should, however, be regarded as statistical rather than actual units. On further absorption of heat, disorder will increase and the chains will break up further. Such a model leads us to expect the low values of conductivity and high activation energies just above the melting-point which have been found experimentally.
Future theoretical investigations may treat these phenomena in terms of the absolute theory of rate processes as applied to viscosity and similar phenomena (Eyring 1936; Glasstone, Laidler & Eyring 1941) . The increase of the (total) energy of activation on lowering the temperature may be due mainly to an increase of the entropy of activation, As the unit of ionic migration is the ion, the entropy of activation will be greater for the somewhat ordered melt near the melting-point than for the more disordered melt at a higher temperature.
The system lead chloride-potassium chloride
The phase diagram of this system (figure 8) indicates a congruently melting compound, 2PbCl2.KCl, and two incongruently melting compounds, PbCl2.2KCl and PbCl2.4KCl (Lorenz & Ruckstuhl 1906) . The presence of anionic complexes in the molten state was proved very convincingly by transference experiments by Wirths (1937) , who used a radioactive lead isotope (ThB).
In the calculation of the equivalent conductivity ( from the specific conductivity (k), shown in table 8, the density data by Lorenz, Frei & Jabs (1907) were used.* The isotherms of equivalent conductivity (figure 8) can be understood on the assumption of the presence of part of the lead in an anionic complex. On addition of potassium chloride to lead chloride, the equivalent conductivity falls, although that of KC1 is higher than that of PbCl2. Addition of KC1 obviously removes Pb++ and Cl-from the melt with the formation of anionic complexes, which contribute but little to the conductance. This behaviour is similar to that in the system CdCl2-KCl.
Up to 45 to 50 mol. %, the negative deviation from additivity is approximately proportional to the molar fraction of KC1. Moreover, a minimum is found in the isotherms a t / 2 = 0-55 at high temperatures which shifts tow ards/2 = 0*60 at lower temperatures. The proximity of the minimum to / 2 = 0-5 would suggest that the hold (1923) showed th a t the transport number of chlorine in the solid 2PbCl2KCl was equal to one, suggesting th at crystals of this compound do not contain complex ions (cf. also the crystal structure determinations by X-rays by Mehmel & Nespital (1934) ). In the light of these results, it would appear-though conditions of stability of a complex in the liquid state a t high temperature may be different from those of the solid-th a t the complexes in the molten state may have to be regarded as statistical rather than discrete units, and th at the bonding between the metal atom and the chlorine atoms of the ' complex ' may be largely electrovalent in nature. Unstable complexes, containing more chlorine than [PbCl3]~, are likely to exist in molten mixtures containing a high proportion of KC1. This is indicated by the very sharp second minimum to w ard s/2 = 0*8 which is found a t a temperature of 650° and below. Above th a t temperature, however, the second minimum does not occur. This suggests an unstable complex of composition [PbCl6]4-, corresponding to the compound PbCl2.4KCl, which dissociates on rise of temperature. Figure 8 also shows the variation of dA/dT with composition, dA/dT having a minimum between 30 and 50 mol. % and a distinct maximum at 80 mol. %. The activation energies (C), calculated* as usual from the plot of log k against l/T, are shown in table 9. Table 9 Ionic migrations of molten salts and their mixtures 411 At high temperatures (around 700°), C has a maximum near the compositions where the phase diagram indicates incongruent compounds, suggesting th a t C includes part of the energy of dissociation of the corresponding complexes.* At low temperatures when the crystallization points are approached, very high values for C are found, particularly in the region between 70 and 80 mol. % of KC1. This behaviour is similar to th at found in the system CdCl2-KCl and may similarly be explained as being due to an increasing degree of order in the melt as the crystallization temperature is approached. This is also suggested by the curves of k against temperature (figure 7, cf. also table 8), which show a distinct increase of slope in the liquid state near the melting-point.
R elations between the constitution of mixtures of molten SALTS AND PROPERTIES RELATED TO THEIR CONDUCTIVITY
In no system so far investigated is the conductivity of the mixtures strictly additive. Even in systems in which there is no evidence of compound formation, the isotherms of equivalent conductivity show moderate negative deviations from additivity,f viz. NaCl-KCl, NaCl-CaCl2, NaCl-BaCl2, NaCl-PbCl2 (Barzakowski 1940); LiCl-KCl, KN 0 3-NaN0 3 (Klochko 1940); PbCl2-PbBr2, AgCl-PbCl2 (cf. Mulcahy & Heymann 1943); CdCl2-CdBr2 ( §4). So far, no satisfactory explanation for these deviations from additivity in simple systems has been given (Mulcahy & Heymann 1943) .
In systems which give evidence of compound formation in the solid state, the conductivity of the molten mixtures always shows strong negative deviations from additivity. In systems in which the phase diagram gives evidence of only one com pound, the maximum deviation occurs near the composition of th at compound, viz. CdCl2-2NaCl ( § 6) and CaCl2-KCl (cf. Mulcahy & Heymann). In systems in which the phase diagram indicates several compounds, viz. CdCl2-KCl ( § 7) and PbCl2-KCl ( §8), more than one minimum is sometimes found in the conductivity isotherms at low temperatures. Those corresponding to incongruently melting com pounds, however, disappear as the temperature is raised (CdCl2-KCl, PbCl2-KCl). The position of the minimum may not correspond to the composition of the respec tive compound in the solid state, suggesting th at the conditions of stability in the liquid state may be different from those in the solid state.
* I t can be show n easily th a t, a t c o n s ta n t te m p e ra tu re , th e a c tiv a tio n energies a re p ro p o rtio n a l to th e rela tiv e te m p e ra tu re coefficients |v iz . w h ereas th e ab so lu te te m p e r a tu re coefficients |v iz . -^ are p ro p o rtio n a l to C a n d
In th e system s CdCl2-KCl a n d P b C l2-KCl, d A /d T h as a m in im u m n e a r th e co m p o sitio n o f th e sta b le com pound, a lth o u g h C a n d C show no su ch m in im u m . T A h as a m inim um a t th e com position of th e sta b le co m p o u n d , a n d t h a t d A /d T is p ro p o rtio n a l to CA.
In the molten systems CdCl2-KCl and PbCl2-KCl, the presence of unstable com plexes which undergo dissociation on heating is also indicated by high values of the activation energy (C) near compositions corresponding to compounds which may yield such complex ions, viz.
[CdCl6]4~ and [PbCl6]4~. In these cases, C contains part of the energy of dissociation of the complex in question. At a composition corre sponding to a stable complex, viz. [CdCl3]_ and perhaps [PbCl3]~, however, no such maximum of C is found. Apparently these complexes do not dissociate appreciably on heating.
In the system KCl-MgCl2, negative deviations but no distinct minima have been recorded (Klochko 1940; Shcherbakov & Markov 1939) , although the phase diagram indicates two compounds with congruent melting-points. However, the experi mental temperatures were about 200° above the melting-points of the compounds, and the corresponding complexes may be largely dissociated at these temperatures. This conclusion receives support from the fact th at the relative temperature coefficient of conductivity which is proportional to C has a distinct maxi mum near the composition of the compound 2KCl.MgCl2, suggesting th at the corresponding complex dissociates appreciably on rise of temperature.
We wish to thank M. F. R. Mulcahy for interesting discussions. Kristallogr. 88, 345. M o tt & G urney 1940 Electronic processes in ionic crystals. O xford U n iv ersity P ress. M ulcahy & H ey m a n n 1943 J . Phys. Chem. 47, 485. N ack en 1907 Zbl. M in . Geol. Palaont., 262. P au lin g 1940 The nature of the chemical bond, p . 40 . N ew Y o rk : C ornell U n iv e r P ra s a d 1933 P hil. M ag. 16, 263 . R a n d a ll 1934 The diffraction of X -ra ys and electrons by amorphous solids, liquids and gases.
L o n d o n : C h a p m a n a n d H a ll. [P la te s 13 a n d 14]
Thin films of the norm al paraffins tetracosane (C^H^), triacontane (C30H 62) and tetratriacontane (C^H^) have been examined by electron diffraction when deposited on stainless steel, copper or collodion. B oth the reflexion and the transm ission techniques have been employed. The results of rubbing the films have been ascertained, and the orientations observed have been explained in term s of the crystal structure of the norm al paraffins.
Films of the three paraffins have been heated upon stainless steel and upon copper surfaces, and curves derived relating the tem perature a t which the ordered film structure breaks down, to the film thickness. These results suggest th a t this tem perature corresponds in the case of a monolayer to a transition of the film structure from a condensed to an expanded type.
I n t r o d u c t i o n
When two lubricated surfaces pass over each other under sufficiently heavy load, the lubricant film between them becomes extremely thin and hydrodynamic conditions of lubrication no longer apply. Lubrication is then effected by the adsorbed films on the rubbing surfaces, and the behaviour of such films under shear and during heating is of considerable interest in the fundamental study of boundary lubrication.
Such films may conveniently be studied by electron diffraction methods. Owing to the complexity of commercial lubricating oils, it is much simpler to examine, in the first place, pure materials, typical of those to be found in lubricants. The present paper deals with the simplest constituents, the normal paraffins; it is hoped subsequently to deal with other types of pure compounds and so to obtain a general picture of the behaviour of lubricating oil constituents.
